Different patterns of photochemical behavior were observed for 4-methoxybenzaldehyde (p-anisaldehyde) isolated in xenon and in argon matrices. Monomers of the compound isolated in solid Xe decarbonylate upon middle ultraviolet irradiation, yielding methoxybenzene (anisole), and CO. On the other hand, p-anisaldehyde isolated in an Ar matrix and subjected to identical irradiation, predominantly isomerizes to the closed-ring isomeric ketene (4-methoxycyclohexa-2,4-dien-1-ylidene) methanone. Experimental detection of a closed-ring ketene photoproduct, generated from an aromatic aldehyde, constitutes a rare observation. The difference between the patterns of photochemical transformations of p-anisaldehyde isolated in argon and xenon environments can be attributed to the external heavy-atom effect, where xenon enhances the rate of intersystem crossing from the singlet to the triplet manifold in which decarbonylation (via p-methoxybenzoyl radical) takes place. The parent compound, benzaldehyde, decarbonylates (to benzene + CO) when subjected to middle ultraviolet irradiation in both argon and xenon matrices. This demonstrates the role of the methoxy p-anisaldehyde substituent in activation of the reaction channel leading to the formation of the ketene photoproduct.
I. INTRODUCTION
Several observations have been reported where the chemical behavior of a compound isolated in a noble gas cryogenic solid matrix varies substantially with the matrix gas. A relatively common situation is the alteration of the relative populations of the possible conformers of a given molecule due to stabilization of the more polar forms in more polarizable matrices. [1] [2] [3] [4] [5] [6] [7] [8] Matrix-solute interactions may also change the relative heights of the barriers for conformational interconversions, hence modifying the ways of conformational isomerization of an isolated species. 5, 9 Interactions with the matrix media have also been found to lead, for example, to different tunneling decay rates of higher energy conformers into more stable forms in different matrices. [10] [11] [12] [13] [14] [15] The higher energy conformers could be successfully produced by selective infrared excitation of the initially trapped lower energy forms existing in the gas phase. [16] [17] [18] Aggregation may be influenced by the matrix media as well. [19] [20] [21] [22] Furthermore, the kinetics and efficiency of photochemical processes involving matrix-isolated species have been found to depend, in several cases, on the host matrix gas. 23, 24 However, there are only few reported cases [25] [26] [27] where the same molecule gives rise to different photoproducts, depending on the noble gas (Ar, Kr, or Xe) used as the matrix medium. Of course, photogeneration of molecules involving noble gas atoms 28, 29 constitutes a separate class of processes, significantly different from those considered in the present work. Laursen and Pimentel 25, 26 have observed different patterns of fragmentation of both 1,1-and 1,2-dichloroethenes a) Author to whom correspondence should be addressed. Electronic mail:
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in krypton and xenon matrices: in xenon, photolysis of 1,1-dichloroethene (λ = 237 nm) and 1,2-dichloroethenes (λ = 239 nm) has been found to result in elimination of both Cl 2 and HCl as well as isomerization, whereas only HCl elimination and isomerization were observed in krypton. In a more recent study, 27 formamide (HCONH 2 ) was found to be transformed mainly into NH 3 + CO in an argon matrix and predominantly into HNCO + H 2 in a xenon matrix upon irradiation at λ = 193 nm. For both the dichloroethenes and formamide, the observed different photochemical behavior in the different matrices was attributed to the prevalence of a triplet-surface chemistry in the xenon matrix, brought about by heavy-atom enhancement of intersystem crossing from the directly excited singlet state to a triplet surface. [25] [26] [27] In the present article, another rare observation of different photochemical behavior of a species isolated in argon and xenon matrices is described. As it will be shown below, 4-methoxybenzaldehyde (p-anisaldehyde) isolated in a low-temperature xenon matrix decarbonylates upon middle ultraviolet irradiation, yielding methoxybenzene (anisole) and CO, in a similar way to what is observed for its parent compound, benzaldehyde, isolated in both argon and xenon matrices (with production of benzene + CO). When isolated in solid argon and subjected to identical irradiation conditions, p-anisaldehyde predominantly isomerizes to its closed-ring isomeric ketene, (4-methoxycyclohexa-2,4-dien-1-ylidene) methanone. Merck-Schuchardt (98%, >99%, and >99.5% purity, respectively). Before usage, the compounds were further purified by freeze-pump-thaw cycles, in order to remove any volatile impurities. In the case of p-anisaldehyde, the cryogenic matrices were prepared by co-depositing the room-temperature vapor of the compound coming out from a specially designed Knudsen cell 30 together with a large excess of argon (N60, Air Liquide) or xenon (N48, Air Liquide) onto an optical CsI substrate, cooled to 15 K (Ar) or 30 K (Xe) by an APD Cryogenics DE-202A closed-cycle refrigerator. Benzaldehyde, anisole, and benzene were pre-mixed separately with the matrix gas in a 3 L Pyrex reservoir (typical solute:solvent molar ratios ∼1:1000), and the room temperature gaseous mixtures were deposited onto the cold substrate of the cryostat using the same cold substrate temperatures as for panisaldehyde. The infrared spectra of matrices were collected with 0.5 cm −1 resolution, using a Mattson (Infinity 60AR series) FTIR or a Thermo Nicolet Nexus 6700 FTIR spectrometer, equipped with a DTGS detector and a KBr beam splitter.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Matrices were irradiated with UV light using either a high pressure Xe/Hg lamp fitted with long-pass cutoff filters (transmitting light with λ > 200, 234 nm) and an 8 cm water filter, or with the tunable frequency-doubled signal beam provided by a Quanta-Ray MOPO-SL pulsed (10 ns) optical parametric oscillator (FWHM ∼0.2 cm −1 ; repetition rate 10 Hz, pulse energy ∼5 mJ) pumped with a Nd:YAG laser. The irradiation conditions (wavelengths and times of irradiation) were chosen for best observation of the photochemical processes under investigation and as similar as possible in the various experiments.
Geometry optimizations and calculations of infrared spectra were carried out at the DFT(B3LYP)/6-311++G(d,p) level [31] [32] [33] (with the unrestricted method for open shell systems, e.g., the benzoyl and p-methoxybenzoyl radicals) using the GAUSSIAN 03 program package. 34 To correct for the effects of basis set limitations, neglected part of electron correlation and anharmonicity effects, the DFT(B3LYP)/6-311++G(d,p) computed harmonic frequencies were scaled down by the factor 0.978. Simulated infrared spectra were produced using Lorentzian functions centered at the calculated (scaled) wavenumbers having full widths at halfmaximum equal to 2 cm −1 and integrated intensities under the simulated bands equal to the calculated IR intensities. Approximate descriptions of vibrational modes resulting from calculations were obtained using GAUSSVIEW (Version 5).
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III. RESULTS AND DISCUSSION
p-Anisaldehyde has two different conformers (O-trans and O-cis; see Scheme 1), which are nearly equally populated in the gas phase at room temperature, the O-trans conformer being only slightly more stable than the O-cis form (<1 kJ mol −1 ). [36] [37] [38] In a recent investigation, 38 we demonstrated that the population ratio of the O-trans and O-cis forms, trapped in either argon or xenon matrices, corresponds to the frozen gas-phase conformational equilibrium. We were also able to modify the population ratio in the matrices by in situ UV irradiation. Upon irradiation, photostationary states were obtained, with the final ratio of conformers specific to the wavelength of the applied UV light. The net direction of the observed O-trans → O-cis or O-cis → O-trans photoinduced population changes was found to be dependent on the wavelength range of the applied UV radiation and on the initial population ratio of the two conformers in the matrix. These observations were explained on the basis of the analysis of the potential energy profiles for conformational isomerization in the relevant electronic states of the molecule calculated by the TD-DFT method. 38 When irradiations with λ > 250 nm were performed, the sole process observed in matrix-isolated p-anisaldehyde was the conformational interconversion. However, upon irradiation at shorter wavelengths, phototransformation of the compound into other species occurred concomitantly with the conformational isomerization. UV-induced generation of products, other than O-trans and O-cis conformers, was revealed by appearance of new bands in the spectra of the irradiated matrices. The emerging infrared multiplet-like absorption at ∼2140 cm −1 in these spectra was suggested 38 to originate from a ketene group (C=C=O) or carbon monoxide (or both). [39] [40] [41] Very interestingly, the attainment of the photostationary states associated with the conformational isomerization was found to be very fast. The population ratio of the conformers was not changing during the UV-induced transformation of the compound into other species, though the absolute amounts of both conformers were decreasing. This observation opened the possibility of studying other photochemical processes without explicit consideration of the conformational photoisomerization. Identification of the photoproducts was straightforward: the spectrum emerging upon UV irradiation of p-anisaldehyde in a xenon matrix matches that of a genuine sample of anisole in a xenon matrix ( Figure 1(c) ; see also Table I ). Together with anisole, carbon monoxide is produced, giving rise to the structured absorption in the 2145-2095 cm −1 region (see Figure 1(b) ). The multiplet structure of this band indicates that photogenerated CO molecules are interacting with the anisole molecule formed in the same matrix cage. Due to this interaction some anisole bands in the spectrum of the photolysed matrix are also shifted by a few tenths of cm −1 , in relation to their positions in the spectrum of the isolated anisole. The observed decarbonylation of p-anisaldehyde in a xenon matrix, leading to anisole + CO (see Scheme 2), could indeed be expected to occur under the used experimental conditions, considering that photodecarbonylation is a common process in aldehydes, both aliphatic and aromatic. 23, 24, [42] [43] [44] [45] [46] [47] [48] [49] [50] In the spectrum of photolysed p-anisaldehyde isolated in solid xenon, a few new low intensity bands not ascribable to anisole were also observed. These appeared at 1636, 1759/1756, 1578/1577, 1493/1491, 1448/1446, 1322, 1139, 847, 840, 645, and 610 cm −1 . We will discuss later the origin of the first band in this list. All the remaining bands can be ascribed to the p-methoxybenzoyl radical (see Table S1 , provided as supplementary material, 51 and Scheme 3), indicating that this species was also produced during the photolysis.
When subjected to identical experimental conditions, the p-anisaldehyde parent compound benzaldehyde was also found to decarbonylate, yielding benzene, and CO (Scheme 2). The difference spectrum obtained by subtracting the spectrum of benzaldehyde in a xenon matrix from the spectrum recorded after UV irradiation (180 min, λ = 250 nm) is presented in Figure 2 . This figure shows also the spectrum of the as-deposited Xe matrix of benzaldehyde (left panel, A), and the spectrum of a genuine sample of benzene isolated in xenon (left panel, C). The results unequivocally demonstrate that benzene and CO are produced upon UV irradiation of benzaldehyde in solid xenon (see also  Table II) .
Identical results were obtained for benzaldehyde isolated in an argon matrix (see Figure 2 , right panel, and Table II ). This clearly shows that benzaldehyde photodecarbonylation occurs also in solid argon environment.
Very interestingly, the vibrational signature of the benzoyl radical (Scheme 3) could also be observed in the spectra of the photolysed benzaldehyde matrices (e.g., bands in the 1831-1810 cm −1 region and at 1137.6/1136.1 cm
in argon, and in the 1825-1805 cm −1 region and at 1138.5/1133.4/1131.8 cm −1 in xenon; Figure S1 and Table  S2 in the supplementary material). The IR bands due to benzoyl radical have been reliably identified by comparison with the known spectrum of the species isolated in argon matrix. 55 Comparison with the calculated spectrum of benzoyl radical (see Table S3 ) 51 leads to the same conclusion. Detection of photogenerated benzoyl radical product is in line with the observation of the p-methoxybenzoyl radical in the experiments with UV-irradiated p-anisaldehyde. The amount of the benzoyl radical photoproduced in the xenon matrix ( Figure S1 , bottom) was found to be significantly larger than in the argon matrix ( Figure S1 , top). More effective generation of benzoyl radical from benzaldehyde isolated in xenon 35 ν, stretching; δ, in-plane bending; γ , out-of-plane rocking; τ , torsion; superscript R, ring; n.o., not observed; n.i., not investigated. matrices (than from the compound isolated in solid argon) points to the involvement of a triplet state in this photoprocess. Traces of benzene valence isomers (benzvalene, fulvene, and Dewar benzene; Scheme 3) could also be identified in the UV-irradiated matrices of benzaldehyde ( Figure  S1 ; Table S2 ). These are secondary photoproducts resulting from the initially formed benzene, their formation under the used experimental conditions being well-documented in the literature. 56, 57 Contrarily to what was observed for p-anisaldehyde in xenon and for benzaldehyde in both xenon and argon matrices, UV irradiation of p-anisaldehyde isolated in argon did not yield CO and anisole as main products. These two species could still be identified in the photolysed matrix, but these photoproducts are not abundant. There are two main pieces of data which clearly indicate that, in this case, decarbonylation is not the main observed photoprocess: (1) observation of an intense band at 1642 cm −1 , as well as other less intense bands at lower frequencies, e.g., 1598, 1475, 1301, 1274/1272, and 655 cm −1 , which do not have counterparts in the spectrum of anisole in an argon matrix; (2) the absorption in the 2140 cm −1 region is by far too intense to be ascribed to CO (Figure 3) .
From the observed decrease in absorbances of the bands due to p-anisaldehyde and increase of the intensity of the bands due to anisole (weighted by the corresponding calculated intensities), one can estimate that the photoproduced anisole corresponds to only ca. 1/3 of the reactant consumption. On the other hand, if the absorption in the 2140 cm −1 region was originated in CO, this would imply that eight times more reactant than the initially present in the matrix had been consumed. Perceptibly, the main contributor to the absorption at ca. 2140 cm −1 must be other species, which should exhibit an intense band in this region. The obvious candidate for this species is a ketene, since ketenes are well-known to give rise to very intense bands in this spectral range. 39, 40, 58, 59 In principle, an open-ring ketene as well as a closedring ketene (Scheme 4) could be considered as putative main photoproducts of the photolysis of p-anisaldehyde in argon. However, the comparison of their calculated infrared spectra with the experimental data clearly reveals that only the calculated spectrum of the closed-ring ketene (Scheme 2) fits the observations (Figure 3 ; see also Table III) . As it could be anticipated, estimation of the photochemically produced amount of this ketene, based on the observed band absorbances (weighted by the corresponding calculated intensities), indicated that it corresponds to about 2/3 of the reactant consumption.
According to the calculations, the closed-ring ketene has two possible conformers (see Scheme 4) . It is possible that the second conformer of the closed-ring ketene is also produced from p-anisaldehyde upon UV irradiation of this compound in argon matrices. However, the similarity of the infrared spectra of the two conformers (concerning their most intense bands) precluded a definitive conclusion on this point. On the other hand, the open-ring ketene has a large number of possible isomeric forms: it can adopt E as well as Z structures around the central double bond; for each of these, there are seven unique conformers, differing in the orientation of the CH=C=C=O, O-CH 3 and CH=CH 2 terminal fragments (see Figures S2 and  S3, supplementary material) . 51 In some cases, the predicted infrared spectra of the different forms of the open-ring ketene differ somewhat from each other. However, in all cases the calculations predicted a very characteristic intense band in the 1575-1535 cm −1 range (due to the stretching vibration of the central C=C bond) which is not experimentally observed in the spectrum of the irradiated Ar matrix of p-anisaldehyde (Figure 4 ; see also Table S4 for calculated infrared spectra of open-ring ketene isomers).
Once the band at 1640 cm −1 was identified as a spectral signature of the closed-ring ketene photoproduced from p-anisaldehyde isolated in argon matrices (Figure 4) , the small band observed at 1636 cm −1 , in the spectra of the UVirradiated compound isolated in solid xenon, could be also treated as an indication of the closed-ring ketene photoproduct. However, for p-anisaldehyde isolated in xenon matrices, the branching ratio of production of the closed-ring ketene and anisole + CO is only 1:10 (as estimated from band intensities). This is in profound contrast to what was observed for p-anisaldehyde isolated in solid argon, where this branching ratio was ca. 2:1. In case of benzaldehyde, isolated in argon or xenon matrices, no experimental indications of generation of the corresponding closed-ring ketene photoproducts were observed ( Figure 5) .
The complete mechanistic picture of the observed photoprocesses, leading to the full understanding of the different results obtained for the two aldehydes and the different behavior of p-anisaldehyde in argon and xenon matrices, would require the use of ultrafast time-resolved techniques, which are, however, still not easily applicable to processes occurring in solid cryomatrices and their use is beyond the scope of the present study. Nevertheless, from the obtained results and accumulated information (available in the literature) on the photochemistry of aldehydes in solution and in the gas phase (including results of time-resolved vibrational spectroscopy), a possible mechanism can be proposed which explains the observations.
In the present study, irradiation of the matrices was carried out at energies which should lead to excitation of the two molecules predominantly to their S 2 and S 3 states. For benzaldehyde, the S 2 (π , π *) ← S 0 and S 3 (π , π *) ← S 0 transitions (in the gas phase) were observed 45, 60, 61 to give rise to absorption bands with maxima at 275 and 232 nm, respectively, (a weak structured band due to the S 1 (n,π *) ← S 0 transition is observed within 290-379 nm, with absolute maximum at 371 nm, 62, 63 and the S 4 (π , π *) ← S 0 band has its maximum at 195 nm). 45 In the case of p-anisaldehyde, the available TD-DFT(B3LYP)/6-311++G(d,p) calculated vertical absorptions, leading to the first four excited singlet states, are ca. 330, 265, 260, and 230 nm, with oscillator strengths of 0.0001, ∼0.340, ∼0.065, and 0.0001 (the values calculated for O-trans and O-cis conformers are identical). 39 Once the initially excited (S 2 or S 3 ) state is formed, it can either undergo intersystem crossing to the triplet manifold or isomerize to the closed-ring ketene, by migration of the aldehyde hydrogen to the ring carbon atom in the ortho position (Scheme 5). For benzaldehyde, the intersystem crossing is known to be highly efficient 42, 45, [64] [65] [66] [67] [68] [69] and might occur with participation of the lowest excited singlet state after internal conversion from the initially excited state, since the S 1 state has been shown to possess a bifurcation on its potential energy surface to the triplet manifold. 42, 66, 67 In the triplet manifold, cleavage of the aldehyde C-H bond can take place, leading to the observed benzoyl radical plus a hydrogen atom, which then may recombine with release of CO and formation of benzene. The latter process can be thought to be considerably favored in a solid matrix compared to the gas phase, because the mobility of the hydrogen atom is reduced in this case and recombination is facilitated. It is possible that decarbonylation of benzaldehyde also occurs on the S 1 surface via the open-ring ketene or an alternative intermediate resulting from migration of the aldehyde hydrogen to the vicinal carbon atom, as suggested to occur in the gas phase. 42, 66, 67 However, the non-observation of these species in the present study suggests that for benzaldehyde the pathway involving the crossing to the triplet manifold is strongly dominant in the photolysis of the compound in both studied matrices. It is also worth mentioning that formation of phenyl and formyl radicals, by the cleavage of the C-C exocyclic bond, does not seem to take place for the matrix-isolated compound. Such process has been reported to occur under other experimental conditions, 45, 70 but for benzaldehyde isolated in lowtemperature matrices and excited with UV light no spectroscopic evidence 71, 72 of the presence of either phenyl or formyl radicals was found.
According to the experimental observations, in the case of p-anisaldehyde the presence of the methoxyl group at the para position results in the reduction of the efficiency of the intersystem crossing to the triplet manifold and gain of relative importance of the ketene formation channel. In an argon matrix, this latter channel becomes the preferred one. On the other hand the external heavy atom effect due to the host matrix atoms facilitates the intersystem crossing in a xenon matrix, and decarbonylation appears as the preferred pathway in this medium also in the case of p-anisaldehyde. In this regard, the observed different photochemical behavior of p-anisaldehyde in argon and xenon matrices resembles very much that of formamide. 27 It shall also be noticed that, though the experimental observation of the closed-ring ketene photoproduct type constitutes a rare observation in case of aromatic aldehydes, it has already been reported previously for matrix-isolated 1-nitro-substituted benzaldehyde and naphthaldehyde, [73] [74] [75] which suggests that the presence of σ -electron-attractor substituents in the aromatic ring may facilitate photogeneration of this species. Very interestingly, the formation of the ketene follows closely the previously reported phototransformation of acrolein (that is the smallest chemical system bearing a C=CH-CHO fragment) into methylketene.
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IV. CONCLUSIONS
The experiments carried out within the present work demonstrated that monomeric benzaldehyde isolated in Ar or Xe matrices and excited with UV light undergoes decarbonylation, leading to formation of benzene + CO. For p-anisaldehyde isolated in Xe matrices, photoinduced decarbonylation process (producing anisole + CO) dominates also strongly. However, the photochemical behavior of p-anisaldehyde isolated in solid argon is quite different. In this latter case, the main UV-induced process is the photoisomerization of p-anisaldehyde to the closed-ring ketene species (4-methoxycyclohexa-2,4-dien-1-ylidene)methanone. The different photochemical transformations observed for p-anisaldehyde isolated in solid Ar and Xe environments can be explained by the external heavy-atom effect. Proximity of heavy Xe atoms should promote intersystem crossing in p-anisaldehyde molecules, hence facilitating population of the manifold of the triplet states. The methoxyl substituent, present in the structure of p-anisaldehyde, should have the opposite effect; it should reduce the efficiency of intersystem crossing. Most probably, this is why decarbonylation is not effective for p-anisaldehyde isolated in argon matrices.
In both observed channels of phototransformations (decarbonylation and isomerization to the ketene structure) of the studied aromatic aldehydes (benzaldehyde and anisaldehyde) one event is common. This concerns the cleavage of the C−H bond in the aldehyde group. Neither ketene nor CO can be formed without breaking this C−H bond. Formation of benzene, anisole, or the closed-ring ketene products requires that the detached hydrogen atom attaches back to the molecule, at one of the carbon atoms of the ring. In addition, the experiments carried out within the present work also indicated that, under the used experimental conditions, decarbonylation occurs via the radicals (p-methoxybenzoyl or benzoyl radical) produced by photodissociation of the C-H aldehyde bonds of the studied aldehydes. This process seems then to be similar to the Norrish type I, C−H bond cleavage in formaldehyde and acetaldehyde and also to the α-C-C bond cleavage observed for acetone and other aliphatic ketones. 76, 77 
